Cardiomyopathy induced by Adriamycin (ADR) is a cause of congestive heart failure. Recently, it has been suggested that ADR inhibits the carnitine palmitoyltransferase system (CPT I) and consequently the transport of long-chain fatty acids across mitochondrial membranes. This study was devised to ascertain how ADR affects serum lipid and fatty acid metabolism in rats given ADR with and without L-carnitine supplementation. Male Sprague-Dawley rats were divided into four groups. The first group was the control. The second group was given intraperitoneal injections of ADR (5 mg/kg) twice a week over a period of 2 wk. The third group received the same dose of ADR plus L-carnitine (200 mg/kg). The fourth group was injected with L-carnitine only. Serum lipids (total cholesterol, triglyceride, HDL cholesterol, and LDL cholesterol) and fatty acid levels were determined on the first, eighth, and 15th d after injection of ADR. ADR caused an increase of serum total cholesterol, triglyceride, and LDL cholesterol compared with the control group. HDL cholesterol was similar between two groups. Similarly, total fatty acids, especially C16-C18 fatty acids, were significantly elevated after injection of ADR. Striking reduction in these substances was observed when L-carnitine was added (p Ͻ 0.05). This study is the first report regarding the reversal effect of L-carnitine in connection with FFA profiles (C6-C18) in the serum of ADRinduced cardiomyopathic rats. This study also supports the view that ADR causes cardiomyopathy because it interferes with fatty acid metabolism, and we hypothesize that there is a possible protective effect of L-carnitine. (Pediatr Res 51: 249-255, 2002) Abbreviations ADR, Adriamycin CARN, L-carnitine CPT, carnitine palmitoyltransferase FFA, free fatty acid ADR (doxorubicin) is an anthracycline antibiotic and has major clinical significance because of its broad-spectrum antitumor activity. Several studies show a cumulative dosedependent and irreversible cardiotoxicity that limits its usefulness as a broad-spectrum anticancer drug (1, 2). One major chronic side effect is the development of cardiomyopathy and ultimately congestive heart failure known as ADR cardiomyopathy (3).
ADR (doxorubicin) is an anthracycline antibiotic and has major clinical significance because of its broad-spectrum antitumor activity. Several studies show a cumulative dosedependent and irreversible cardiotoxicity that limits its usefulness as a broad-spectrum anticancer drug (1, 2). One major chronic side effect is the development of cardiomyopathy and ultimately congestive heart failure known as ADR cardiomyopathy (3) .
The precise mechanism of this pathogenesis has not been completely defined (4, 5) . A number of different mechanisms have been proposed for the cardiotoxic effect of ADR (6 -13) , such as its interaction with nucleic acid and/or with nuclear components, disruption of cardiac-specific effects of gene expression, and low antioxidant defense in tissue such as the heart. An abnormal fatty acid metabolism has been suggested by Sole and Liew and others (14 -17) . Although alteration of fatty acid oxidation has been associated with ADR, the lack of understanding of fatty acid metabolism in this type of cardiotoxicity and other cardiomyopathies has led to conflicting results.
Recently, it has been suggested that ADR may exert at least a part of its cardiotoxicity by inhibition of long-chain fatty acid oxidation in the heart (18) . Because long-chain fatty acids are the major substrates for energy production in the aerobic adult myocardium (19) , their inhibition is usually associated with cardiomyopathy and congestive heart failure due to deficiency in energy supply and accumulation of their toxic intermediates in cardiac tissues (20) . However, there have been no studies showing the effect of CARN on fractionated saturated and unsaturated FFA levels (C6:0-C18:0) in the understanding of the mechanisms of inhibition of long-chain fatty acid oxidation in ADR-induced cardiomyopathy.
Therefore, the present study was devised to determine how ADR affects serum lipid and fatty acid metabolism and what would be the mechanism of the reversal and beneficial effect of CARN against ADR-induced cardiomyopathic rats as a function of ADR dose.
ADR Administration Protocol
Rats were divided into four groups: control, ADR (ADRtreated), ADRϩCARN (ADR-treated ϩ CARN), and CARN. ADR (doxorubicin hydrochloride, cumulative dose 5, 15, and 20 mg/kg) was administered intraperitoneally (Monday and Thursday) in four equal injections (each containing 5 mg/kg ADR) to animals in ADR and ADRϩCARN groups over a period of 2 wk. CARN (200 mg·kg -1 ·d -1 ) was also administered intraperitoneally to ADRϩCARN and CARN groups every day over a period of 2 wk. The total volume of ADR injected was 1.25 mL/kg and that of CARN was 1 mL/kg. All animals were monitored for as long as 2 wk after the last injection for general appearance, behavior, and mortality. After 2 wk of posttreatment with ADR, congestive and depressed heart failure was seen in the rats. At the end of the 2-wk posttreatment period, animals were killed by decapitation, and blood was collected from the abdominal aorta into nonheparinized tubes on the first, eighth, and 15th d. Serum was immediately separated by centrifugation and was used for the determination of lipid and FFA.
Lipid Analysis
Serum total cholesterol, triglycerides, and HDL and LDL cholesterol levels were determined enzymatically using kits obtained from HITACHI 7150 (Hitachi, Japan) and were expressed as milligrams per deciliter of serum. Serum total FFA were determined by assay kit NEFA-M reagent purchased from Shinyang Chemical Co. (Seoul, Korea).
Fatty Acid Analysis
Standards and reagents. Saturated and unsaturated fatty acids (C8:0, C10:1, C10:0, C12:0, C14:1, C14:0, C16:1, C16:0, C18:2, C18:1, and C18:0 fatty acids), internal standard (C15:0 fatty acid), and N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) were purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.). Deuterium-labeled internal standards (D15-C8:0, D3-C10:0, and D3-C14:0 fatty acids) were purchased from the Cambridge Isotope Laboratory. Hexane, acetonitrile, dichloromethane, methanol, and sodium tetraborate were all of analytical grade and purchased from Merck (Darmstat, Germany) or Sigma Chemical Co. The purity of all standards exceeded 98%.
Preparation of stock and working solutions. Stock solutions of fatty acids and internal standards were prepared by dissolving 5 mg of each compound in 5 mL of dichloromethane and 10 mg of each compound in 10 mL of methanol, respectively. A working mixed solution of all standards in methanol was prepared over a concentration ranging from 25 g/mL (C8:0-C12:0 fatty acids) to 200 g/mL (C14:0-C18:0 fatty acids).
Sample preparation and derivatization. A 100-L sample of each internal standard solution (D15-C8:0, D3-C10:0, and D3-C14:0, 25 g/mL; C15:0, 50 g/mL) was added to 0.2 mL of plasma. The fatty acids were extracted with 2.0 mL of hexane and further 1.8 mL of saturated sodium tetraborate solution. Fatty acids in the hexane phase were extracted with 1.5 mL of dichloromethane and sodium chloride twice after adjustment to pH 1.0. The lower phase of solution was then centrifuged and evaporated under a gentle nitrogen stream. The dry residue was derivatized with 50 L of BSTFA in 25 L of acetonitrile for 30 min at 80°C. After cooling, 3 L of sample was injected in a gas chromatograph-mass selective detector (GC-MSD) split mode (20:1).
Instrumentation. A Hewlett-Packard 5973 GC-MSD (Avondale, U.S.A.) used with an HP-5 column (30 m, 0.25 mm I.D., 0.25-m film thickness). The injector and transfer line temperatures used were 260 and 300°C, respectively. The oven temperature was programmed from 80 to 290°C (at 6°C/min) and held for 2 min. Helium gas was used as a carrier gas (flow rate, 0.8 mL/min). The temperature of the ion source was 230°C, and GC-MSD was operated in the electron impact (EI) ionization mode (70 eV).
Calibration. The calibration standards were prepared over a range of 0.6 -5 g (C8:0-C12:0 fatty acids) and 1-10 g (C14:0-C18:0 fatty acids). To standard solutions, 100 L of 25 g/mL (D15-C8:0, D3-C10:0, and D3-C14:0 fatty acids) and 50 g/mL (C15:0) internal standards were added before extraction. The peak area ratio relative to the internal standards was calculated for FFA, and a linear regression analysis was performed. The quantification of the unsaturated FFA was performed on the basis of the calibration curve of the corresponding saturated FFA.
Statistical Analysis
Data are expressed as the mean Ϯ SD of three separate experiments. Statistical significance was determined using the unpaired t test and ANOVA. The t test was used to determine statistical differences between groups (p Ͻ 0.05 was considered significant). Figure 1 shows the effect of increasing the concentration of ADR on the serum cholesterol level. ADR caused elevation of the serum cholesterol level in a concentration-dependent manner. The effect appeared to be greatest on the 15th d. On the first d, the cholesterol level was elevated to approximately 29% compared with the control, whereas it was elevated approximately 50% on the 15th d after exposure to a cumulative dose of 20 mg ADR. ADR did not 250 significantly affect the level of serum triglyceride in a dosedependent manner (data not shown).
RESULTS

Effect of ADR on lipid.
To assess the effect of ADR on the serum HDL and LDL cholesterol, the concentration of serum HDL and LDL cholesterol was measured. The effect of ADR on LDL cholesterol was greatest on the 15th d. On the first d, the LDL cholesterol level was elevated approximately 64%, whereas it was elevated approximately 50% on the 15th d after exposure to 20 mg ADR. The effect of ADR on serum LDL cholesterol was an elevation of serum LDL cholesterol in a concentrationdependent manner (Fig. 2 ). The serum HDL cholesterol level was not significantly different among the four groups (data not shown).
Serum total fatty acids significantly increased in the ADR group compared with the control group (Fig. 3) . On the first d, the serum total fatty acid level was elevated approximately 220% after exposure to 5 mg ADR compared with controls and 100% after exposure to 20 mg ADR by the 15th d. The effect of ADR on serum total FFA appeared highest on the first d.
The addition of CARN to the ADR group almost completely returned then to control levels in serum cholesterol, LDL cholesterol, and total fatty acids except serum triglyceride (Fig.  1, Fig. 2, and Fig. 3) .
Effect of ADR on total FFA and FFA profiles. Figures 4, 5, and 6 show the effect of fatty acid metabolism on ADR-treated rats with or without CARN administration. ADR caused significant elevations of long-chain fatty acids such as palmitic (C16:0), linoleic (C18:2), oleic (C18:1), and stearic acids (C18:0) after injection of ADR (Fig. 4 -6, Table 1-3) . Shortand medium-chain fatty acids such as caproic (C6:0) and caprylic acids (C8:0) did not show significant alterations with ADR (Table 1-3) .
CARN dramatically reversed elevated excretion of longchain fatty acids in the ADR group to levels close to the control level, which had been induced by ADR. There was a similar small decrease in the concentration of long-chain fatty acids in the CARN group compared with control ( Fig. 4 -6, Table 1-3 ).
DISCUSSION
The anthracycline glycoside antibiotic ADR is of major importance in cancer chemotherapy. Several studies show a cumulative dose-dependent and irreversible cardiotoxicity that limits its usefulness as a broad-spectrum anticancer drug (1, 2) . Cardiotoxicity is usually expressed if the total cumulative dose of the drug given is over 550 mg/m 2 (21). Cardiotoxicity is the major limiting complication of ADR and affects approximately 30 to 40% of the patients who receive more than 500 mg/m 2 total dose (3, 4) . Although the precise mechanism of this pathogenesis is not yet completely known (4, 5), several hypotheses have been postulated, including the generation of free radicals (21), mitochondrial dysfunction (22) , calcium overload (23), inhibition of several membrane-bound molecules (24, 25) and altered fatty acid oxidation, the depression of energy metabolism in the cardiac tissue by diverting electrons from the mitochondrial NADH dehydrogenase system (26), the interference with DNA strand separation and helicase activity (6), the initiation of DNA damage via the inhibition of topo- isomerase II (6), the reduction in levels of mRNA for the muscle-specific genes cardiac ␣-actin, troponin I, myosin lightchain II, the M isoform of creatine kinase (7), and the decreasein mRNA expression for sarcoplasmic reticulum Ca 2ϩ proteins responsible for calcium handling (8) .
Effect of ADR on lipid. Lipid consists of cholesterol (HDL and LDL cholesterol), triglyceride (neutral fat), and phospholipids in addition to FFA. Observations of significant elevations of serum cholesterol and LDL cholesterol in our studies showed that ADR reduced the rate of lipolysis in a dosedependent manner, whereas triglyceride and HDL cholesterol were not significantly affected. ADR caused the highest increases of cholesterol and LDL cholesterol, which implies that ADR toxicity is dependent upon the cumulative dose described by Iliskovic et al. (27) . We did not find the increased alterations of triglyceride and HDL cholesterol that Iliskovic et al. (27) did. These findings could be the result of the degradation of triglyceride (neutral fat) into FFA, although ADR reduced the rate of lipolysis. On the other hand, if the endogenous triglyceride and lipid pool sizes are increased by ADR, this may dilute the lipid fraction and delay their lipolysis and utilization. Thus, our results show that adverse effects caused by ADR such as hyperlipidemia, which is deleterious for heart function, appear to contribute to ADR-induced heart failure (27) .
Effect of ADR on total FFA and FFA profiles. Fatty acids are the preferred energy substrate for the myocardium under normal aerobic conditions (28) . The oxidation of fatty acids in mitochondria plays an important role in energy production. During late stages of fasting, fatty acids are used for hepatic ketone synthesis and provide 80% of total body energy needs via oxidation in muscle. Fatty acids are an important fuel for the heart and serve as an essential source of energy for skeletal muscle during sustained exercise. FFA are released from adipose tissue triglyceride stores and circulate bound to albumin. The oxidation of FFA to CO 2 and H 2 O in peripheral tissues, such as muscle, spares glucose consumption and the need to convert body protein to glucose.
Fatty acid oxidation comprises four components: the carnitine cycle, the ␤-oxidation cycle, the electron transfer path, and the synthesis of ketone bodies. Long-chain FFA of exogenous and endogenous origin are activated toward their CoA esters in the cytosol. These fatty acyl CoA enter the mitochondria as fatty acylcarnitines via the carnitine cycle. Medium-and shortchain fatty acids enter the mitochondria directly and are activated toward their CoA derivatives in the mitochondrial matrix. Each cycle of the four-step ␤-oxidation process shortens the fatty acyl CoA by two carbons until it is completely converted to acetyl CoA. The electron-transfer path transfers some of the energy released in ␤-oxidation to the respiratory chain, resulting in the synthesis of ATP. In the liver, most of the acetyl CoA from fatty acid ␤-oxidation is used to synthesize the ketone bodies 3-hydroxybutyrate and acetoacetate. The ketones are then exported for terminal oxidation (chiefly in the brain). In other tissues, such as muscle, the acetyl CoA enters the Krebs' cycle of oxidation and ATP production (Fig. 7) .
Changes in fatty acid metabolism may have important influences on myocardial function (14, 17) and, thus, have implications for diagnosis and therapy. In this study, the administration of ADR resulted in inhibition of fatty acid oxidation in ADRinduced cardiomyopathic rats, as FFA levels were significantly higher compared with control groups. Especially, total fatty acid alteration was different depending on the fatty acid chain length as a function of the dose of ADR (Fig. 3) . 
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In FFA profiles, the excretion of long-chain fatty acids such as palmitic (C16:0), linoleic (C18:2), oleic (C18:1), and stearic acids (C18:0) was highly elevated. This is speculated to be the result of the impairment of long-chain fatty acid oxidation after injection of ADR (Fig. 4 -6 ). The inhibition of oxidation of long-chain fatty acids by ADR is greater than that of mediumand short-chain fatty acids (Fig. 4 -6 , Table 1-3) in rat sera.
An interesting finding is that the inhibition was more prominent in unsaturated fatty acids than saturated fatty acids. This fits well with the report by Bordoni et al. (29) implicating the disruption of unsaturated fatty-acyl chains in the endoplasmic reticulum, which contains the system catalyzing the desaturation/elongation of fatty acids. Although alteration of fatty acid oxidation is associated with ADR, the exact site of the inhibition remains undetermined. Inhibition of fatty acid metabolism results in the accumulation of toxic intermediates including long-chain fatty acyl-CoA thioesters and long-chain acylcarnitine derivatives (30) . Accumulation of these intermediates causes deleterious effects in cardiac tissue and decreased cardiac function similar to that reported in ADR cardiomyopathy.
Two distinct systems of ␤-oxidation enzymes are present in mitochondria (31) . The first system is responsible for the oxidation of long-chain acyl-CoA esters and is bound to the inner mitochondrial membrane. The second system is responsible for the oxidation of short-and medium-chain esters and is located in the mitochondrial matrix. Ironically, our results did not show an elevation of medium-and short-chain fatty acids with ADR treatment. Therefore, we hypothesize that the levels of medium-and short-chain fatty acids are independent of long-chain fatty acid levels unless peroxisomal fatty acid oxidation impairs them. Blocking of long-chain fatty acid oxidation in mitochondria will promote the oxidation of long-chain fatty acid oxidation in peroxisomes. Thus, medium-and shortchain fatty acids could be elevated and cleared by carnitine conjugation because they are able to freely get across the mitochondrial membrane.
Our results do not agree with those of Abdel-aleem et al. (18) . Sayed-Ahmed et al. (32) reported that ADR inhibited the oxidation of both octanoate (medium-chain) and butyrate (short-chain) fatty acids in isolated cardiac myocytes. Mediumand short-chain fatty acids such as octanoate and butyrate cross the inner mitochondrial membrane independent of CPT I activity and are also oxidized through the ␤-oxidation cycle (18) .
Protective effect of CARN. In this study, CARN reduced serum lipid and fatty acid levels in ADR-induced cardiomyopathic rats. The levels of cholesterol and LDL cholesterol in sera were significantly decreased with total fatty acids after the addition of CARN. FFA profiles showed a decrease regardless of their chain length after the addition of CARN in the ADRinduced cardiomyopathic rats. This study proved the protective effect of CARN against ADR-induced cardiomyopathy. This study suggests the protective effect as follows: CARN partially protects the heart against ADR-related cardiotoxicity in a dose-dependent manner as being an essential cofactor for mitochondrial transport and oxidation of long-chain fatty acids (33) as reported by McFalls et al. (34) .
It could be related to the CPT system, which is the essential first step in fatty acid oxidation disorders. The possible mechanism by which ADR may inhibit CPT I is by depletion of its cofactor, CARN. Our data demonstrating that CARN administration reverses the inhibition of long-chain fatty acids such as palmitic acid, linoleic acid, and oleic acid oxidation support this hypothesis. Reversal of ADR-induced inhibition of longchain oxidation by CARN suggests that this compound may play a role in enhancing fatty acid metabolism in addition to its role as a cofactor for CPT I.
Another possible mechanism is suggested by previous studies, which demonstrated that ADR interacts with cardiolipin, a specific structural phospholipid of the inner mitochondrial membrane in the heart. CARN may reduce this ADRcardiolipin interaction, preserve the integrity of inner mitochondrial membranes, and, thereby, enhance fatty acid oxidation. CARN could reverse the effects of ADR through CPT I-mediated or CPT I-independent mechanisms.
Considering all the possibilities of the mechanism of the protective effect of carnitine, CARN clearly reversed the effects of ADR. We speculate that the effect of CARN could be through a CPT I-mediated or CPT I-independent mechanism. Therefore, future studies for CPT I and CPT II enzyme analysis in rat hearts are necessary to evaluate the beneficial effect of CARN on ADR-induced cardiomyopathy.
CONCLUSION
This study is the first report on the reversal effect of CARN in connection with FFA profiles (C6-C18) in the serum of ADR-induced cardiomyopathic rats. This study supports the view that ADR causes cardiomyopathy because of interference 
